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(54) Apparatus for creating a corneal reference mark 



(57) Apparatus for increasing the accuracy of an oc- 
ular laser procedure by detecting and compensating for 
small eye movements includes means for establishing 
a corneal reference plane. To create the corneal refer- 
ence plane, a laser beam is first used to photoablate 
stromal tissue at three different locations in cornea. Bub- 
bles that are created upon photoablation define the 



plane and can be imaged to determine the position of 
the plane as the eye moves. A pair of cameras and a 
processor are provided to image the cornea and trian- 
gulate the position of the reference plane. The updated 
position of the corneal reference plane is then used to 
guide the path of the laser beam during the course of 
the ocular procedure. 
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Description 

FIELD OF THE INVENTION 

[0001] The present invention pertains generally to 
ophthalmic devices. More particularly, the present in- 
vention pertains to apparatus for tracking the movement 
of an eye during a diagnosis of the eye or during a cor- 
rective procedure such as corneal laser surgery. The 
present invention is particularly, but not exclusively, use- 
ful for tracking rotational movements of the eye. 

BACKGROUND OF THE INVENTION 

[0002] The use of lasers is now almost commonplace 
in a variety of ophthalmic applications, including the di- 
agnosis and treatment of ocular diseases, as well as the 
diagnosis and correction of optical deficiencies. As an 
example, corneal reshaping procedures using lasers, 
such as the well known LAS IK procedure, are now wide- 
ly available When used, these procedures often obviate 
the need for glasses and / or contact lenses. In all of 
these procedures, the laser is chosen as the tool of 
choice because of the ability of the laser to be focused 
on extremely small amounts of ocular material. In addi- 
tion, the ability of the laser to be guided to prescribed 
locations within the eye with precision and reliability has 
enabled a whole new class of ophthalmic procedures 
that require nothing short of pinpoint accuracy. Unfortu- 
nately, movements of the eye relative to the laser source 
can undermine the accuracy of the laser and reduce the 
efficacy of ocular laser procedures. 
[0003] Movements of the eye can be classified broad- 
ly into voluntary and involuntary movements. Voluntary 
movements can often be almost completely eliminated 
in most patients by instructing the patient to concentrate 
(i.e. fixate) on a small light source. Still, a small percent- 
age of patients, such as infants and some toddlers, are 
unable to follow instructions, and as such, voluntary 
movements in these patients can have adverse effects 
on a laser operation unless the movements are either 
compensated for or eliminated. Although involuntary 
eye movements cannot be remedied by instruction they 
must also be somehow controlled. Included in the invol- 
untary eye movements are movements due to the pa- 
tient's pulse or breathing. These involuntary eye move- 
ments, however, generally occur at a relatively low fre- 
quency (e.g. 1 Hz). Additionally, even psychotic eye 
movements, such as can occur when a patient is star- 
tled, generally occur at a frequency in the range of only 
approximately 50 Hz. Moreover, psychotic eye move- 
ments don't generally occur during eye fixation. A typical 
laser procedure, however, can be accomplished rela- 
tively quickly (e.g. several m Sec). Nevertheless, invol- 
untary eye movement must either be compensated for, 
or effectively eliminated. 

[0004] One way to reduce or effectively eliminate the 
adverse consequence of either voluntary or involuntary 



eye movements is to restrain the eye. In this regard, sev- 
eral devices have been disclosed in the art that mechan- 
ically apply a pressure to the eye for the purpose of re- 
straining the eye. Generally, this pressure is applied to 

5 the surface of the eye (i.e. the sclera, limbus or cornea). 
It is to be appreciated, however, that eye restraint sys- 
tems suffer from several drawbacks. First, the restraint 
device may need to be positioned along a desirable la- 
ser path. If so, the restraint device can interfere with the 

10 laser procedure. Further, the pressure applied to the eye 
can be sufficient to change the shape of the eye and, 
thereby, complicating the effort to focus the laser with 
high degrees of accuracy. Importantly, the pressure ap- 
plied to the eye is often uncomfortable to the patient and 

15 can result in post-operative pain and scarring. Finally, 
the pressure can cause damage to the eye by increasing 
the intra-ocular pressure of the eye to dangerous levels. 
[0005] Important for the present invention is the tech- 
nique used to sense eye movement. Heretofore, several 

20 techniques for sensing eye movement have been dis- 
closed. One way to track the eye is to find a pre-existing 
optical feature of the eye and the track the optical fea- 
ture. One such technique is to follow the displacement 
of one or more of the purkinje projections. Other devices 

25 use the visible contrast of the eye to track the eye. For 
example, one system tracks the edge between the iris 
and the pupil, and another system tracks the edge be- 
tween the iris and the sclera. Another disclosed system 
uses the overall contrast of the eye to track movement 

30 with the use of photodetectors in an all analog system. 
However, the use of pre-existing landmarks requires 
custom system calibration for each patient (i.e. the sur- 
geon must define and find the landmark (or at least verify 
that the system has found the correct pre-existing land- 

35 mark) within the initial system coordinates. Further, eye 
contrasts vary from patient to patient, leading to scat- 
tered results. 

[0006] Several benefits accrue to systems that estab- 
lish a reference mark on the eye and then use the cre- 

40 ated reference mark to track eye movement. One ad- 
vantage, as alluded to above, is consistency from eye 
to eye. In one respect, the contrast and spatial resolution 
of the created reference mark can be controlled. Also, 
and importantly for the present invention, the shape and 

-<5 location of the mark can be controlled. For example, in 
US Patent No. 4,848,340 entitled "Eyetracker and Meth- 
od of Use", a reference mark created by cutting a mark 
onto the surface of the cornea is described. 
[0007] A general knowledge of the anatomy of the cor- 

50 nea of an eye is helpful for appreciating the problems 
that must be confronted when creating reference marks 
within the stroma of the cornea. The cornea comprises 
various layers of tissue which are structurally distinct. In 
order, going in a posterior direction from outside the eye 

55 toward the inside of the eye, the various layers in a cor- 
nea are: an epithelial layer, Bowman's membrane, the 
stroma, Decimefs membrane, and an endothelial layer. 
Of these various layers, the stroma is the most extensive 
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and is generally around four hundred microns thick. 
[0008] In detail, the stroma of the eye is comprised of 
identifiable and distinguishable layers of lamellae. Each 
of these layers of lamellae in the stroma is generally 
dome-shaped , like the cornea itself, and they extend 5 
across a circular area having a diameter of approximate- 
ly six millimeters. Unlike the layer that a particular lamel- 
la is in, each lamella extends through a shorter distance 
of only about one tenth to one and one half millimeters. 
Thus, each layer includes several lamellae. Importantly, io 
each lamella includes many fibrils which, within the la- 
mella, are substantially parallel to each other. The fibrils 
in one lamella, however, are not generally parallel to the 
fibrils in other lamellae. This is so between lamellae in 
the same layer, as well as between lamellae in different *5 
layers. Finally, it is to be noted that, in a direction per- 
pendicular to the layer, the individual lamella are only 
about two microns thick. 

[0009] Within the general structure described above, 
there are at least three important factors concerning the 20 
stroma that are of interest insofar as the creation of a 
reference mark in the stroma of the cornea is concerned. 
The first of these factors is structural, and it is of interest 
here because there is a significant a nisotropy in the stro- 
ma. Specifically, the strength of tissue within a lamella 25 
is approximately fifty times the strength that is provided 
by the adhesive tissue that holds the layers of lamella 
together. Thus, much less energy is required to separate 
one layer of lamella from another layer (i.e. peel them 
apart), than would be required to cut through a lamella. 30 
[0010] The second factor is somewhat related to the 
first, and involves the stromal tissue response to photo- 
ablation. Specifically, for a given energy level in a pho- 
toablative laser beam, the bubble that is created by pho- 
toablation in the stronger lamella tissue will be noticea- 35 
bly smaller than a bubble created between layers of la- 
mellae. Conversely, for a given energy level, a larger 
bubble can be created at the interface between layers 
of lamellae. Thus the present invention recognizes that 
it is preferable to create large bubbles at the interface <o 
between lamellae using relatively low laser energies for 
photoablation. The large bubbles create a reference 
mark that is easy to image, while the use of a low energy 
laser for photoablation minimizes collateral damage to 
the stroma. 45 
[0011] In the context of creating a corneal flap for a 
LASIK type procedure, a method for finding an interface 
between layers of lamellae for photoablating using an 
wavefront analyzer and an ellipsometer was disclosed 
in copending U.S. Patent Application No. 09/783,665, so 
filed on February 14, 2001 , by Bille and entitled "A Meth- 
od for Separating Lamellae.** As such, the contents of 
copending application number 09/783,665 are herein in- 
corporated by 

[0012] In light of the above, it is an object of the ss 
present invention to provide apparatus suitable for es- 
tablishing a corneal reference plane that can be used to 
track the movement of the eye during a subsequent oc- 



ular procedure. It is another object of the present inven- 
tion to provide apparatus for creating a suitable corneal 
reference mark while minimizing collateral damage to 
the cornea. It is yet another object of the present inven- 
tion to provide apparatus for tracking rotational move- 
ments of the eye by creating a corneal reference plane 
and tracking the tilt of the reference plane. Still another 
object of the present invention is to provide apparatus 
for creating corneal reference marks so quickly (i.e. all 
reference marks created in about 1 .5 mSec.) that invol- 
untary eye movements do not interfere with the creation 
of the reference mark. Yet another object of the present 
invention is to provide apparatus for tracking the move- 
ments of an eye during an ophthalmic procedure which 
is easy to use, relatively simple to implement, and com- 
paratively cost effective. 

SUMMARY OF THE PREFERRED EMBODIMENTS 

[0013] In accordance with the present invention, ap- 
paratus for directing a laser beam to a target during an 
ocular laser procedure while compensating for eye 
movement, which comprises means for photoablating 
the stroma of the eye to produce reference marks at 
three different locations to define a corneal reference 
plane, means for calculating the position of said target 
relative to said corneal reference plane and means for 
monitoring movements of said corneal reference plane 
to direct said laser beam to said target. 
[0014] Suitably, the monitoring means comprises a 
plurality of cameras, each said camera creating an im- 
age of said cornea and a processor for comparing the 
images from each said camera to determine the position 
of each said reference mark. Preferably, the apparatus 
further comprises a means for tracking the movement 
of the eye along the visual axis. 
[0015] Suitably, said means for tracking the move- 
ment of the eye along the visual axis comprises a con- 
focal detector. 

[0016] The apparatus ideally comprises a wavefront 
detector to determine the size of bubbles formed in the 
stroma due to photoablation. 

[0017] Preferably, the apparatus further comprises an 
ellipsometer for measuring the birefringence of a path 
through the cornea, said measurement for maintaining 
the focal point of the laser on an interface between lay- 
ers of lamellae during photoablation of each said refer- 
ence mark. 

[0018] In accordance with the operation of the appa- 
ratus of the present invention, three marks defining a 
corneal reference plane are first created for use in ob- 
serving the position of the eye. Specifically, a laser beam 
is used to photoablate tissue at three different locations 
within the stroma of the cornea and thereby establish a 
reference mark at each of the three locations. 
[0019] For each mark a plurality of points is photo b- 
lated, creating a bubble at each point. Preferably, each 
mark includes approximately twelve bubbles. In the op- 
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eration of apparatus of the present invention, the bub- 
bles are preferably arranged in the shape of an annular 
segment. It is also preferable that each bubble within a 
mark, as well as each mark, be created within the stroma 
at approximately the same predetermined depth from 
the anterior surface of the cornea. For this purpose, the 
eyetracker device of the present invention includes a 
wavefront detector to establish the position of the ante- 
rior surface of the cornea. Once the position of the an- 
terior surface of the cornea is established, the laser 
beam can be focused within the stromal tissue of the 
cornea, at a predetermined depth from the anterior sur- 
face. 

[0020] As indicated above, for each mark, approxi- 
mately twelve points will be photoabtated, resulting in 
approximately 12 bubbles. For the present invention, 
each of the bubbles will preferably be formed at an in- 
terface between two layers of lamellae. This allows for 
relatively large bubbles to be created with relatively low 
laser energies and consequently, minimal collateral 
damage to the stromal tissue. For this purpose, the eye- 
tracker device can include a wavefront detector and an 
ellipsometer. In detail, the laser can be focused on a first 
point at the location of the mark to photoablate tissue 
and produce a first bubble. Next, the wavefront detector 
can be used to measure the size of the first bubble. The 
size of the first bubble can then be compared to a refer- 
ence bubble (e.g. a bubble of 15 urn diameter) to deter- 
mine whether the first point lies on an interface between 
layers of lamellae. Specifically, if the first bubble is larger 
than the reference bubble, the first point is determined 
to lie on an interface between layers of lamellae. 
[0021] For the case where the bubble comparison 
shows that the first point lies on an interface between 
layers of lamellae, then the next point selected for pho- 
todisruption is selected to be at approximately the same 
depth from the anterior surface of the cornea as the first 
point. On the other hand, if the bubble comparison 
shows that the first point does not lie on an interface 
between layers of lamellae, then the second point is se- 
lected at a slightly different depth from the anterior sur- 
face of the cornea than the first point. This process is 
repeated until a point on an interface between layers of 
lamellae is found. Once an interface is found, the ellip- 
someter can be used to ensure that all the bubbles cre- 
ated for a mark are photoablated on a single interface. 
Thus, the ellipsometer can be used to ensure the entire 
reference mark is created at a constant depth from the 
anterior surface of the cornea. 

[0022] Once the reference marks are established in 
the cornea, the reference marks can be used to track 
the eye during an ocular laser procedure such as LASIK. 
By tracking the eye during the procedure, the system 
can then compensate for any eye movements, thereby 
increasing the accuracy of the procedure. During the oc- 
ular procedure, the focal point of the laser beam will be 
directed within the cornea with reference to the corneal 
reference plane. To accomplish this, the path of the laser 



focal point required for the ocular laser procedure is first 
prescribed for the eye at rest. The optical axis of the eye 
in combination with the anterior surface of the eye can 
provide a reference system for establishing this pre- 

5 scribed path. Next, the three reference marks are es- 
tablished in the cornea at known locations relative to the 
reference system (i.e. the optical axis of the eye in com- 
bination with the anterior surface of the eye). To accom- 
plish this, the patient is asked to fixate on a light source, 

10 aligning the optical axis of the eye with a known axis, 
while the reference marks are created. Once the pre- 
scribed path for the ocular laser procedure and the cor- 
neal reference plane are established relative to the ref- 
erence system (i.e. the optical axis of the eye in combi- 

15 nation with the anterior surface of the eye), the relation- 
ship between the prescribed path and the corneal refer- 
ence plane can be calculated. 

[0023] During the ocular laser procedure, movement 
of the eye will cause the corneal reference plane to 

20 move to a new position. In accordance with the present 
invention, the movement can be monitored using two 
cameras and a confocal detector. Specifically, move- 
ment of the corneal reference plane along the optical 
axis (i.e. the z-axis) can be measured with the confocal 

25 detector, while off-axis movement of the corneal refer- 
ence plane (i.e. movement in the x-y direction) can be 
measured by the pair of cameras. In accordance with 
the present invention, the measurements from the con- 
focal detector and the images from the cameras can be 

30 input into a processor equipped with digital imaging soft- 
ware to triangulate the position of the reference plane. 
Once the new position of the corneal reference place is 
obtained, the focal point of the laser beam can be direct- 
ed (relative to the new corneal reference position) along 

35 the prescribed path through the cornea. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0024] The novel features of this invention, as well as 
40 the invention itself, both as to its structure and its oper- 
ation, will be best understood from the accompanying 
drawings, taken in conjunction with the accompanying 
description, in which similar reference characters refer 
to similar parts, and in which: 

45 

Fig. 1 is a schematic diagram showing the operative 
components of apparatus in accordance with the 
present invention; 

Fig. 2 is a plan view of the cornea as seen along 
50 line 2-2 in Fig. 1 showing a corneal reference plane 
that has been established by photoablating three 
reference marks in the stroma; and 
Fig. 3 is a cross sectional view of layers of lamella 
in the cornea of an eye. 

55 

DESCRIPTION OF THE PREFERRED EMBODIMENT 
[0025] Referring initially to Fig. 1 apparatus in accord- 
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ance with the present invention is shown schematically 
and generally designated 10. As shown, the apparatus 
10 includes a laser source 12 which, preferably, has a 
photoablation mode in which the laser source 12 gen- 
erates a continuous train of ultra-short pulses, with each 
pulse having a pulse duration of approximately one pi- 
cosecond. Specifically, it is necessary that each pulse 
have an energy level that is above the threshold neces- 
sary for the photoablation of stromal tissue (i.e. above 
approximately one and one half microjoules per ten mi- 
cron diameter spot size). The apparatus also includes 
an ellipsometer 14 that is capable of determining the bi- 
refringent properties within stromal tissue. For the pur- 
poses of the present invention, a suitable type of ellip- 
someter is disclosed and claimed in U.S. Patent No. 
5,822,035, which issued to Bille for an invention entitled 
"Ellipsometer. " Further, Fig. 1 shows that the apparatus 
10 includes a wavefront detector 16, such as a Hart- 
mann-Shack sensor, which is capable of modeling a 
wavefront. Additionally, as shown, the apparatus 10 in- 
cludes, guidance optics 1 8 that are capable of steering 
and focusing a laser beam onto predetermined focal 
points. Also shown, the apparatus 10 includes a confo- 
cal detector 20 and a pair of cameras 22a, b. A processor 
24, which is preferably a dedicated computer, is also 
provided to process data and control the other compo- 
nents of the apparatus 1 0. As detailed more fully below, 
these components cooperate in combination to estab- 
lish a reference plane within the cornea 26 of the eye 
28 that can be used to track the movement of the eye 
28 during a subsequent ocular procedure. 
[0026] In accordance with the present invention, cor- 
neal reference marks delineating a reference plane 
such as the marks 30a-c shown in Fig. 2 are first created 
for use in observing the position of the eye. Specifically, 
a laser beam is used to photoablate tissue at three dif- 
ferent locations within the stroma of the cornea 26 and 
thereby establish a reference mark 30 at each of the 
three locations. As shown, for each mark 30, a plurality 
of points is photoablated, creating a bubble 32 at each 
point. Preferably, each mark 30 includes approximately 
twelve bubbles 32. For the present invention, the bub- 
bles 32 are preferably arranged in the shape of an an- 
nular segment. A suitable mark 30, in accordance with 
the present invention, has a segment length 34 of ap- 
proximately 150 urn, a segment width 36 of approxi- 
mately 50 |xm, and is positioned at a distance 38 of ap- 
proximately 5 mm from the center of the cornea 26. 
[0027] It is also preferable that each bubble 32 within 
a mark 30, as well as each mark 30, be created within 
the stroma at approximately the same predetermined 
depth from the anterior surface of the cornea 26. For 
this purpose, the wavefront detector 16 can be used to 
establish the position of the anterior surface of the cor- 
nea 26 using techniques well known in the pertinent art. 
Once the position of the anterior surface of the cornea 
26 is established, the laser beam can be focused within 
the stromal tissue of the cornea 26, at a predetermined 



depth from the anterior surface. 
[0028] Referring now to Fig. 3, a plurality of lamellae 
40 constituting a portion of the stroma of the cornea 26 
is shown. An interface 42 between two layers of lamellae 

5 44a and 44b is further shown in Fig. 3. As indicated 
above, and shown in Fig. 2, for each mark 30, approxi- 
mately twelve points will be photoablated, resulting in 
approximately twelve bubbles 32. By cross referencing 
Figs. 2 and 3, it is to be appreciated that each of the 

10 bubbles 32 will preferably be formed at an interface 42 
between two layers of lamellae 44. This allows for rela- 
tively large bubbles 32 to be created with relatively low 
laser energies and consequently, minimal collateral 
damage to the stromal tissue of the cornea 26. 

15 [0029] To position the bubbles 32 on an interface 42, 
the device 10 uses the wavefront detector 16 and the 
ellipsometer 14. In detail, a pulsed laser can be focused 
on a first point within the stroma of the cornea 26. Al- 
though the first point is chosen at the location of the mark 

20 30 and at a predetermined depth from the anterior sur- 
face of the cornea 26, the first point may or may not lie 
on an interface 42. 

[0030] Consider the case where the first point does 
not lie on the interface 42. Point 46, shown in Fig. 3, is 

25 one such point. Upon photoablation at point 46, a bubble 
32 (not shown in Fig. 3) will result. Next, the wavefront 
detector 16 can be used to measure the size of the first 
bubble 32. The size of the first bubble 32 can then be 
compared to a reference bubble using the wavefront de- 

30 tector 1 6 and the processor 24 to determine whether the 
first point (i.e. point 46) lies on an interface 42 between 
layers of lamellae 44. 

[0031] Continuing with the example, since point 46 
lies within a lamella 40 and not on an interface 42, the 

35 bubble 32 produced will be smaller than the reference 
bubble and the processor 24 will determine that point 
46 does not lie on an interface 42. As such, the second 
point is selected to be at a slightly different depth from 
the anterior surface of the cornea 26 than the first point. 

40 This process is repeated until an interface 42 between 
layers of lamellae 44 is found. Thus, eventually a point 
on the interface 42 such as point 48 will be found. It is 
to be appreciated that the interface 42 may be found 
with the first point. For points on the interface 42, the 

45 bubble 32 will be the same size or larger than the refer- 
ence bubble. 

[0032] Once a point on the interface 42 is found and 
photoablated, then the next point selected for photodis- 
ruption is selected to be at approximately the same 

50 depth from the anterior surface of the cornea 26 as the 
first point. For example, after the photoablation of ex- 
emplary point 48, the bubble 32 produced will be com- 
pared to the reference bubble and a determination made 
that point 48 lies on an interface 42. As such, the next 

55 point selected for photoablation will be selected at the 
same depth, such as exemplary point 50. 
[0033] Once an interface 42 is found, the ellipsometer 
14 can be used to verify that subsequent photoablation 
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occurs on the same interface 42. This verification can 
be used to ensure the ail the bubbles 32 of a mark 30 
are created on the same interface 42. Specifically, ad- 
vantage can be taken of the fact that from layer to layer 
of lamellae 44 there will be a birefringent change that is 
manifested as a change in phase of about one half de- 
gree. Thus, the detection of a birefringent change will 
indicate a change from one layer of lamellae 44 to an- 
other. 

[0034] Once the reference marks 30a-c are estab- 
lished in the cornea 26, the reference marks 30 can be 
used to track the eye 28 during a laser procedure such 
as LASIK. By tracking the eye 28 during the procedure, 
the device 10 can compensate for movement of the eye 
28, thereby increasing the accuracy of the procedure. 
During the ocular procedure, the focal point of the laser 
beam will be directed within the cornea with reference 
to the corneal reference plane defined by the reference 
marks 30. To accomplish this, the path of the laser focal 
point required for the ocular laser procedure is first pre- 
scribed for the eye 28 at rest. The optical axis of the eye 
28 in combination with the anterior surface of the eye 
28 can provide a reference system for establishing this 
prescribe path. Next, the three reference marks 30 are 
established in the cornea 26 at known locations relative 
to the reference system (i.e. the optical axis of the eye 
28 in combination with the anterior surface of the eye 
28). To accomplish this, the patient is asked to fixate on 
a light source, aligning the optical axis of the eye 28 with 
a known axis, while the reference marks 30 are created. 
Once the prescribe path for the ocular laser procedure 
and the corneal reference plane are established relative 
to the reference system (i.e. the optical axis of the eye 
28 in combination with the anterior surface of the eye 
28), the relationship between the prescribed path and 
the corneal reference plane can be calculated. 
[0035] During the ocular laser procedure, movement 
of the eye 28 will cause the corneal reference plane to 
move to a new position. In accordance with the present 
invention, the movement can be monitored using the 
cameras 22a,b and the confocal detector 20. Specifical- 
ly, movement of the corneal reference plane along the 
optical axis (i.e. the z-axis) can be measured with the 
confocal detector 20, while off-axis movement of the 
corneal reference plane (i.e. movement in the x-y direc- 
tion) can be measured by the cameras 22a, b. In accord- 
ance with the present invention, the measurements from 
the confocal detector 20 and the images from the cam- 
eras 22a, b can be input into the processor 24 where dig- 
ital imaging software can be used to triangulate the po- 
sition of the reference plane. Once the new position of 
the corneal reference plane is obtained, the focal point 
of the laser beam can be directed (relative to the new 
corneal reference position) along the prescribed path 
through the cornea. 

[0036] While the particular apparatus for creating a 
corneal reference and tracking the eye as herein shown 
and disclosed in detail are fully capable of obtaining the 



objects and providing the advantages herein before 
stated, it is to be understood that they are merely illus- 
trative of the presently preferred embodiments of the in- 
vention and that no limitations are intended to the details 
5 of construction or design herein shown other than as de- 
scribed in the appended claims. 



Claims 

10 

1 . Apparatus for directing a laser beam to a target dur- 
ing an ocular laser procedure while compensating 
for eye movement, said apparatus comprising: 

is means for photoablating the stroma of the eye 

(28) to produce reference marks (30a, 30b, 
30c) at three different locations to define a cor- 
neal reference plane; 

means for calculating the position of said target 
20 relative to said corneal reference plane; and 

means for monitoring movements of said cor- 
neal reference plane to direct said laser beam 
to said target. 

25 2. Apparatus as claimed in Claim 1 , wherein said mon- 
itoring means comprises: 

a plurality of cameras (22a, 22b), each said 
camera (22a, 22b) for creating an image of said 
30 cornea; and 

a processor (24) for comparing the images from 
each said camera (22a, 22b) to determine the 
position of each said reference mark (30a, 30b, 
30c). 

35 

3. Apparatus as claimed in Claim 1 or Claim 2, further 
comprising a means for tracking the movement of 
the eye (28) along the visual axis. 

40 4. Apparatus as claimed in Claim 3, wherein said 
means for tracking the movement of the eye (28) 
along the visual axis comprises a confocal detector 
(20). 

45 5. Apparatus as claimed in any of the preceding 
claims, further comprising a wavefront detector (1 6) 
to determine the size of bubbles (32) formed in the 
stroma due to photoablation. 



50 6. Apparatus as claimed in any of the preceding 
claims, further comprising an ellipsometer (14) for 
measuring the birefringence of a path through the 
cornea, said measurement for maintaining the focal 
point of the laser on an interface (42) between lay- 

55 ers (44a, 44b) of lamellae (40) during photoablation 
of each said reference mark (30a, 30b, 30c). 
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